ABSTRACT The low ratio of sampling frequency to electrical frequency (carrier ratio) is a challenging issue for applications, such as high-speed or high-power drives. In fact, high-speed drives have high fundamental frequency and high-power drives have low switching (sampling) frequency, leading to the same control challenges of having high dynamic and stability with a limited number of control actions in one period. Parameters mismatch occurs due to the converter non-linearities, deadtimes, temperature change, and saturation; hence, providing robust control is a key challenge. This paper starts reviewing the problems of controlling machines with a few switching instances per fundamental period and an analysis of the stateof-the-art current control strategies for permanent magnet synchronous motors (PMSMs). Three different control schemes are analyzed. The discrete-time PI current controller is providing good robustness, while the dynamic performance may not be sufficient for some applications. Second, the deadbeat control offers very fast dynamic performance but is weak under parameter mismatch. The novel application of the Dahlin controller offers a tradeoff between performance and stability. The control algorithms are evaluated based on the stability, robustness, and dynamic and steady-state performances. Their performance and sensitivity to parameter variation are analyzed through simulations, and the experimental measurements are proving the results.
The growing research interest in high-speed machines can be observed by the high number of publications in this research area. Rising attention is given to topics related to the hardware for motor drive systems with high-speed machines, such as the machine itself, the converter, the motor filters, as well as research related to the software, i.e. the control or observer design [1] [2] [3] [4] . For many applications like pumps, fans, or automotive, high-speed machines are becoming more and more popular [5] . Machines up to speed of one Million r/min or a rated power of one Gigawatt are available today [2] , [6] . The permanent magnet synchronous machine is the first choice for many applications due to its compact size, high power density and good efficiency.
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Having a cascaded control, the performance of the current control determines the performance of the overall control system. Therefore high bandwidth, fast dynamic response, and good steady-state performance for high-frequency PMSM current control are ongoing interesting research topics.
Many approaches to control permanent magnet synchronous machines have been studied. The V/f-Control is a well-known concept and is shown to work for high-speed motors in [7] . However, this method does not control the stator currents, which can lead to deviations in the stator flux, produce torque ripple and worsen the accuracy and dynamic performance of the machine. The cascaded PI based current control with overlaid speed or torque control is common in industry and offers good steady-state performance. Advanced decoupling schemes [8] improve the dynamic performance. Also, the direct design in the discrete time domain, the Discrete-Time Current Controller, proves to give good results for field-oriented as well as voltage oriented control [9] [10] [11] . These approaches offer good robustness, but the dynamic performance is not satisfying for some applications. Considerable research attention is given to predictive control. Using model predictive control, the cost function can be used to optimize performance, losses, or increase robustness, but raises high computational requirements [12] . On the other hand, the well known Deadbeat Control can be used to null the control error after a predefined number of switching periods. To be properly tuned, an exact discrete machine model is required. Due to non-linearities, parameter variation, or other mismatches, the robustness of the Deadbeat Control can be critical. Due to the very good dynamic performance, the Deadbeat Control is popular and many strategies like compensation algorithms [13] , [14] , observers [15] [16] [17] [18] , or new control systems [19] , [20] are introduced and continuously adapted. The Dahlin Controller is an extension of the Deadbeat Controller and well known for controlling deadtime processes. The novel application of the Dahlin algorithm for machine control combines fast dynamic and steady-state performance, and robustness by introducing a tunable integral behavior.
The paper is organized into six sections. An overview about the challenges of controlling machines with low f S /f el ratio is given in Section I. In Section II, state-of-the-art current control strategies are compared and in Section III the Dahlin Control is introduced. The dynamic performance and effects of parameter uncertainties on the system are evaluated by simulations in Section IV. The simulation results of the evaluated control schemes are verified by experiments in Section V. Conclusions are finally drawn in Section VI.
I. OVERVIEW ON CHALLENGES OF LOW f s /f el RATIO
For electrical drive applications, the field-oriented control (FOC) with a cascaded speed (or torque) and current regulator is used in industry since many years. For high-speed drives, the rated electrical frequency of the machine can reach very high values. On the other hand, for medium to high power drives, the switching frequency f sw has to be kept low. For a medium power system, a maximum switching frequency of approximately 5kHz is often used in industry, while the electrical frequency f el can go up to several hundred Hertz. The decreasing ratio f S /f el can be used as characteristic value to analyze the stability of the control system. Especially at low ratios of f S /f el < 10, it is important to have a high current control bandwidth.
Due to the small number of switchings per fundamental period, it is also important to limit the losses in the machine and keep the total harmonic distortion of the current (THDi) below a certain value. The natural filtering due to the machine inductances is often insufficient to keep the THDi below 5%, which is often required in industry. Hence, special sinus output filters (LC-Filter) to reduce the current and voltage harmonics are required. Thus, the system gets larger, more expensive, and more complex to control [21] .
Rare-earth magnets like neodymium-iron-bore (NdFeB), which are used for the permanent magnets of the rotor, are very sensitive to temperature. The rotor temperature has to be kept strictly below a defined temperature, to prevent irreversible demagnetization of the magnets. In literature, there are many ways to estimate or monitor the rotor temperature, e.g. presented in [22] . In high performance drives high control bandwidth and accuracy is required. Deviations can lead to distortion of the stator flux linkage [10] . The resulting torque ripples can harm the mechanical parts of the system, like the machine, gearbox, or mechanical coupling.
II. CURRENT CONTROL STRATEGIES
The analyzed current control strategies in this paper are using modulators and are therefore easy to compare, as they can be interchanged without changes in the control structure. A switching frequency of 1kHz is chosen and DSP provides the calculation power for the use of asymmetrical PWM. Using double update PWM, the delay due to the PWM could be halved, from one switching period to T d,PWM = 0.5 T sw . Multisampling strategies can help to reduce the delay further, thus, increasing the bandwidth and improving the control response [23] . For the use of DSP and direct design of the controllers in the discrete time domain, equation (1) shows the dependency of the digital system from the sampling time, the first-order differential term between two sampling periods can be approximated.
Fig . 1 shows the control scheme of the considered system. The voltage source converter (VSC) is controlled by a cascaded control structure with speed and subordinated current control and it provides a voltage of variable amplitude and frequency to the permanent magnet synchronous machine (PMSM). Equation (2) 
A. DISCRETIZED PI CONTROL
The PI control is well-known for controlling electrical machines in industry [24] . The most common method to design a PI controller for digital systems is to perform the design in the continuous time domain and then use the Euler Methods to transfer the controller into the discrete time domain. The discrete time representation of the PI controller with a proportional and an integral part is defined as
Equation (5) shows the discretized transfer function using Tustin transformation.
For example, in [11] an approach to tune the PI controller depending on the desired bandwidth is shown. In equations (6) and (7) with L and R defined as the nominal values at zero speed, while ω 0 defines the required bandwidth.
For rising fundamental to switching frequency the pole zero map of the discretized PI controller is shown in Fig. 2 . At small ratio, where conventional machines are usually operated, the PI controller provides good results, but for rising ratios, the controller becomes instable. Fig. 2 shows the pole-zero map of the control. At a frequency of f el /f S ≈ 0.07, the poles drift out of the unit circle and the control gets unstable. To overcome these problems, many methods like the State Feedback Decoupling or delay compensations have been introduced. This way, the performance of the controller can be improved, but it is not possible, to eliminate the time dependency of the controller [10] .
B. DIRECT DESIGN OF A DISCRETE TIME DOMAIN CURRENT CONTROLLER
A possibility to overcome the frequency dependent instability in the discrete time domain is to design directly in the discrete time domain (Discrete-Time PI Control) [9] . The discrete transfer functions are obtained by using a zero-order hold voltage latch.
Based on the discretized plant model, the PI controller is tuned to cancel the time dependent pole of the plant. K PI ,dd can be used to define the dynamic response of the controller. Fig. 3 (blue) shows the pole-zero map of the closed loop controller, including the time dependent pole-zero-cancellation.
As the PI Controller is very well known, this strategy is easy to adapt and implement. The dynamic performance is still good, with a rise time of three sampling periods and a settling time of seven sampling periods. However, depending on the application it can be beneficial to have faster dynamic response. 
C. DEADBEAT CONTROL
The Deadbeat Control is well known and is given increasing attention for the control of motor-tied applications in the last years. Many different designs of Deadbeat control have been presented in literature, focusing on time delay compensation, robustness, or many other [13] . The idea of the Deadbeat Control is to null the error after a given number of sampling periods. Taking into account the calculation and sampling time, it can be seen, that a minimum of two sampling periods is required for the Deadbeat control.
The Deadbeat Control algorithm requires a good knowledge of the electrical machine model and their parameter values. The processing and calculation period takes one sampling period. As shown in equations (11) and (12), the PWM voltages can be calculated based on the predicted currents and the output voltages based on the sampled values and are applied at the (k+2)-th period. The measured values in the k-th period are used for the calculations the (k+1)-th period and i * dq (k) are used as the reference currents.
The closed loop pole-zero-map is shown in Fig. 3 (red) . As shown in equation (10), the controller compensates the system dynamics completely, if the system parameters are well known. This makes the Deadbeat Control susceptible to parameter variations. Using the wrong parameters, not compensating the temperature dependent rise of the motor resistances, or the saturation of the inductances can lead to undesirable results. The dynamic performance worsens and overshoots or oscillation may occur, which lead to torque ripple. In addition, the steady-state performance can suffer and lead to a steady-state control error.
III. DAHLIN CONTROL
The Dahlin Control is based on the Deadbeat Controller and extends the Deadbeat Control with an integral behavior. While the Deadbeat Control has a very fast dynamic performance but lacks under parameter variation, the Discrete-Time PI Control has a good stability and steady-state performance, but the dynamic performance needs to be improved for some applications. With the Dahlin controller, a trade-off can be chosen, which is easy to implement, robust, fast, and has a good performance. The control structure was introduced by E.B. Dahlin in 1968 and is a digital controller [25] , used for processes with deadtimes [26] , [27] . By extending the Deadbeat Control with the integral part, model mismatches like parameter changes, system non-linearities, and saturation effects can be compensated. Equations (13) and (14) show the design of the controller.
The parameter λ is used as a tuning factor and defines the behavior of the control. For λ = 0, the Dahlin Control is identical to the Deadbeat Control. For λ > 0, the continuous response is defined by the ratio of time constant λ and the sampling time T S in the numerator, (1 − e − T S λ ). This can be solved to set the rise time T rise , defined as the time to rise from 10% to 90%, and settling time T settling , the time for the response to reach and stay within a 2% error band of its final value, of the control. An exemplary waveform is shown in Fig. 5 (orange) .
The pole-zero-map of the closed loop control using the Dahlin Controller is shown in Fig. 3 (purple) . While one pole is still in the origin, the second pole is depended on the tuning parameter λ. In addition, there is pole-zero-cancellation of the frequency dependent poles. Using the Dahlin Control, a trade-off between fast dynamic performance and high robustness can be chosen and, at the same time, keeping good steady-state performance. The tuning factor λ can be used to adapt the control to the required 
IV. SIMULATION RESULTS

A. ROBUSTNESS ANALYSIS
To analyze and compare the performance of the current controllers, MATLAB Robust Control Toolbox is used. To take the saturation of the inductances into account, the nominal inductances are varied in the range of 70%− 100% L nom . The heating of the motor increases the motor resistance, which increases the damping and therefore improves the stability. Hence, it does not have to be considered in a worst-case scenario.
For the dynamic analysis, the step responses for varied parameters are shown in FIGURE 8. The Discrete-Time PI Controller (blue) shows higher oscillation and variance of the rise and settling time. While the nominal overshoot is only 3%, at worst case the overshoot can rise up to 20%. Using a more robust design without overshoot ( 0%, dotted lines), the Discrete-Time PI Control shows the most robust behavior in regards to phase and gain margin, but the dynamic performance worsens and the rise and settling times rise. Also the Deadbeat Controller faces an overshoot. While using nominal values the error can be nulled after two sampling periods and without overshoot, worst case behavior shows an overshoot of 20% and a steady-state error. The Dahlin Control shows the least deviation due to the parameter variation. Using a λ-factor of 100µs, the nominal settling time of three sampling periods is only slightly higher than for the Deadbeat Control and only a small overshoot occurs. With varied parameters, the settling time can rise, but only a very small overshoot occurs.
To increase the robustness, λ could also be changed online. λ of the Dahlin Control is changed depending on the absolute value of the current error in a defined range, for example like given in Fig. 5 , and can be added as input to the control, Fig. 4 (purple) . In Fig. 6 simulation results for reference current steps are shown. For small changes in the reference current, a very fast response is preferable. In case the motor inductances are saturated or other parameter variation occur, the relative overshoot is high, but the absolute overshoot of the current can be handled by the system. On the other hand, if the changes in the reference current are high, an increasing λ-factor is desirable. This way, under nominal parameters the torque reference can be limited, reducing the mechanical stress, and, in case of parameters variations, the over-current is reduced. Also more advanced ways of adapting λ are possible, e.g. based on model reference as shown in [28] or on the observed disturbance [29] .
The Bode plot of the open-loop transfer function is shown in FIGURE 9. The nominal inductances are varied in the range of 70%− 105% L nom and the stator resistance between 90%− 200% R nom . While the Dahlin Control shows the best results for the phase and gain margin, all three controllers prove their high bandwidth even under worst-case parameter variation. The results are summarized in Table 3 and Table 4 .
V. EXPERIMENTAL RESULTS
The simulation results of the current controllers are validated by experiments with a 22kW Siemens PMSM, connected Table 1 , the operation point of the converters is listed in Table 3 . No additional motor-filters are used. A DSpace MicroLabBox is used to control the system. The laboratory setup is shown FIGURE 7.
A. NOMINAL OPERATION
In FIGURE 10 the Dahlin control is tested with a load step at nominal speed and a carrier ratio of f S /f el = 10 is shown. As it can be seen, the speed controller works correctly, increasing the q-component of the current.
As the decoupled current dynamics for d-/ and q-current are equal, the step response for a 6A d-component current reference step from i d = 2A to i d = 8A at stand-still is chosen to validate the performance of the controllers and avoid unwanted torque effects. Additionally, the rotor is locked to provide similar initial conditions for all test cases. The voltage drop of the semiconductors and the deadtime are compensated for this operation point. The results are shown in FIGURE 11.
The experimental results prove the simulation results. Under nominal conditions, the Deadbeat control nulls the error after two switching period, FIGURE 11 (a). In addition, the successful tuning of the Dahlin Control is proven. In FIGURE 11 (b) the fast dynamic response (with λ = 100µs) is comparable to the Deadbeat Control and the integrational behavior can be seen. Using a slower tuning (λ = 250µs) in FIGURE 11 (d), the settling time is similar to the Discrete-Time PI Current Control, but no overshoot occurs, which can be beneficial to avoid over-current and consequential torque ripples can be avoided.
B. OPERATION UNDER PARAMETER VARIATION
To test the robustness of the control strategies, the control parameters are increased to simulate the saturation of the inductances and are measured in five operation points for L s,dq = [ 100%, . . . , 60%]. Under parameter variation, the simulated behavior, shown in Section IV, could be proven. The slightly lower overshoots can occur due to increased motor resistance R s and consequently higher damping. As shown in FIGURE 12(a), the expected very fast rise time of the Deadbeat Control comes with the drawback of the biggest overshoot under saturation. FIGURE 12(b) shows the measured step responses of the Dahlin Controllers with a small time constant λ (λ = 100µs). In this way, the step response is smoothened while the overshoot under parameter variation is reduced. Compared to the Deadbeat Control, the rise time increases by one sampling period T S . the rise and settling times increase, while the sensitivity to the parameter variation is higher than for the Dahlin Controller.
VI. CONCLUSION
In this paper, modulator based current control strategies for permanent magnet synchronous motors with low ratios of sampling to electrical frequency are compared. The well-known Deadbeat Control and direct designed PI Control are compared with the novel application of the Dahlin Controller. Especially for low ratios of f S /f el the controllers are pushed to their limits and high robustness to parameter variations is required. The detailed robustness analysis shows good behavior for all current control strategies, whereas the Dahlin Controller shows also very good dynamic and steady-state performance for high parameter variation. The experimental results prove the analyzed behavior. While all investigated control strategies are stable, the Dahlin Controller offers a good solution to increase the robustness of the closed loop control system. Under worst case parameter variation, the maximum overshoot can be reduced by approximately 20 percentage points compared to the Deadbeat Control and, compared to the discrete-time PI Control, the settling time can be reduced by three sampling periods. It can be concluded that the proposed control is at the same time faster than the PI and more robust than the Deadbeat to parameter variations.
